In this paper, comparative molecular studies between authentic Saccharomyces cerevisiae strains, related species, and the strain described as Saccharomyces boulardii were performed. The response of a S. boulardii strain and a S. cerevisiae strain (W303) to different stress conditions was also evaluated. The results obtained in this study show that S. boulardii is genetically very close or nearly identical to S. cerevisiae. Metabolically and physiologically, however, it shows a very different behavior, particularly in relation to growth yield and resistance to temperature and acidic stresses, which are important characteristics for a microorganism to be used as a probiotic.
Introduction
Lyophilized preparations of the yeast Saccharomyces boulardii have been used for the treatment of antibioticinduced gastrointestinal disorders and acute enteritis (Surawicz et al. 1989; Chapoy 1985) . The effect of S. boulardii during experimental infections has been extensively studied (Rodrigues et al. 1996) . Several possible mechanisms to explain the protective effect of the yeast have been proposed. These include immunomodulation of the host (Buts et al. 1990; Rodrigues et al. 2000) and inhibition of the action of some bacterial toxins (Czerucka and Rampal 2002; Qamar et al. 2001) . Concerning the second hypothesis, Qamar et al. (2001) showed that administration of Clostridium difficile toxin to mice treated with S. boulardii caused a 4.4-fold increase in specific intestinal antitoxin A levels when compared with control animals. The yeast can also inhibit or neutralize the activity of bacterial toxins in other ways. During an experimental C. difficile infection in rodents, S. boulardii exerted a specific protective effect as demonstrated by a decrease of toxin A induced intestinal secretion. This effect was associated with a 54-kDa serine protease secreted by S. boulardii, which digests toxin molecules (Pothoulakis et al. 1993; Castagliuolo et al. 1996 ). An additional protection mechanism could be a specific binding of the toxins to the yeast surface, as demonstrated with cholera toxin (Brandão et al. 1998) .
Saccharomyces boulardii, which has been used as an adjunctive therapy, was shown to be a separate species from Saccharomyces cerevisiae on the basis of metabolic and molecular parameters (McFarland 1996) . Cardinali and Martini (1994) classified S. boulardii outside of S. cerevisiae species using comparative electrophoretic karyotyping and multivariate analysis of the polymorphism observed in pulsed-field gel electrophoresis (PFGE). Studies conducted by McCullough et al. (1998) demonstrated that the probiotic S. boulardii strain forms a separate cluster located within the species S. cerevisiae. Recently, Mitterdorfer et al. (2002) clustered S. boulardii within the species S. cerevisiae using molecular typing techniques. Hennequin et al. (2001) identified a unique and specific microsatellite allele able to identify S. boulardii and distinguish this strain from other S. cerevisiae.
The probiotics entering the gastrointestinal tract must be able to resist to certain local stresses such as the presence of gastrointestinal enzymes, bile salts, organic acids, and important variations of pH and temperature. In this context, stress responses would be important for a microorganism to exert a probiotic action. These responses are complex, but it is well known that the yeast cells produce a number of proteins at a different level or with different activity compared with those observed before stress exposure, notably heat shock proteins, proteins involved in response to variation of external osmolarity, glutathione, and thioredoxin (Estruch 2000) .
As the taxonomic characterization of S. boulardii is controversial, in this paper, comparative molecular studies of authentic S. cerevisiae strains and a strain described as S. boulardii were performed. We also evaluated the response of these yeasts to different stress conditions that could be related to important biochemical and metabolic changes that could explain the advantage of S. boulardii as a prophylactic or therapeutic agent used for intestinal disorders.
Materials and methods

Yeast strains and growth conditions
Saccharomyces boulardii (Floratil ® ; Merck S.A., Rio de Janeiro, Brazil), S. cerevisiae , S. cerevisiae SP1 (MATa leu2 his3 trp1 adn8 can1 ura3), Saccharomyces paradoxus (Portuguese Yeast Culture Collection (PYCC) 4570 T ), and Saccharomyces kluyveri (PYCC 2817 T ) strains were grown in a rotary shaker (200 r/min) at 30°C in YPD medium containing 1% (w/v) yeast extract, 2% (w/v) peptone, and 2% or 4% (w/v) glucose. Cellular growth was monitored by measure of the optical density (OD) at 600 nm.
DNA extraction
After growth in YPD medium, the yeast cells were centrifuged, washed with distilled water, resuspended in a 400-µL solution containing 0.3 mg/mL lyticase and 8 µL/mL β-mercaptoethanol in extraction buffer (1 mol/L sorbitol, 100 mmol/L sodium citrate, 60 mmol/L EDTA, pH 7.0), and incubated for 3 h at 37°C. Then, 1 volume of lysis buffer (2% SDS in 50 mmol/L Tris, 10 mmol/L EDTA, pH 8.0) was added and the mixture was shaken gently and incubated at room temperature for 10 min when 200 µL of 5 mol/L NaCl was added and the suspension maintained in ice for 2 h. The pellet was harvested by centrifugation at 13 000 r/min (12 000g) for 10 min, suspended in 200 µL of Tris-EDTA buffer, and the DNA deproteinated with a phenolchloroform-isoamylalcohol mixture (25:24:1). The aqueous layer was collected and DNA was precipitated with ethanol (2 volumes), collected by centrifugation (13 000 r/min (12 000g) for 15 min), washed in ice-cold 70% ethanol, and dissolved in 60 µL of water.
Intron splice site primers and PCR amplification
The following primers were used in this study: EI1 (CTG-GCTTGGTGTATGT) and LA1 (GCGATCGGTGTACTAAC). The nucleotides that were conserved with the intron splice sites are underlined. The amplification reaction was done in a 50-µL volume containing 20 pmol of intron primer, approximately 300 ng of DNA template, 0.25 mmol/L each dNTP, 1.5 mmol/L MgCl 2 , and 0.5 U of Taq polymerase. The reactions were run as previously described (Barros Lopes et al. 1996) : denaturation at 94°C for 1 min, annealing at 45°C for 1 min, and extension at 72°C for 1.5 min. An initial denaturation for 3 min at 94°C and a final 5-min extension at 72°C were used. Products of amplification were resolved on 6% polyacrylamide gels. The gels were stained with silver nitrate and scanned to produce a computer image.
Amplification and sequencing of the rDNA internal transcribed spacer region (ITS)
The primers used to amplify the rDNA ITS were ITS1 (CGG GAT CCG TAG GTG AAC CTG CGG) and ITS4 (CGG GAT CCT CCG CTT ATT GAT ATG C) as described by White et al. (1990) . The amplification reaction was done in a 50-µL volume containing 20 pmol of each primer, 300 ng of genomic DNA template, 0.25 mmol/L each dNTP, 1.5 mmol/L MgCl 2 , and 0.5 U of Taq polymerase. The reactions were run for 34 cycles with denaturation at 94°C for 45 s, annealing at 60°C for 1 min, and extension at 72°C for 2 min. An initial denaturation during 4 min at 94°C and a final 5-min extension at 72°C were used. Products of amplification were resolved on a 1% agarose gel, stained with ethidium bromide, and visualized under UV light. Amplified products from PCRs were isolated using DE81 Whatman paper (Millipore) as follows. A piece of paper was introduced into the gel below the DNA amplified band. Power was applied long enough to transfer the DNA to the paper. The DNA was eluted from the paper with 500 µL of 1 mol/L NaCl in Tris-EDTA buffer for 1 h at room temperature and extracted with a phenol-chloroform-isoamylalcohol mixture (25:24:1). The aqueous layer was collected and DNA was precipitated with ethanol (2 volumes), centrifuged at 13 000 r/min (12 000g) for 15 min in a microcentrifuge, washed in ice-cold 70% ethanol, and dissolved in 20 µL of water. The purified fragments were then cloned into the pBluescript II SK(±) vector (Stratagene), and ligation products were transformed into Escherichia coli TOP10. The sequence reactions were carried out using SK reverse primer and T7 primer and a Big Dye TM terminator cycle sequencing reaction kit (PE Biosystems). The samples were run in an ABI ® 3100 genetyc analyzer. Sequences were compared with that deposited in the Saccharomyces genome database (http://genome-www2.stanford.edu:5555/cgi-bin/blastsgd) by using a BLAST search (basic local alignment search tool). Sequences were assembled using the CLUSTALW program (http://www.ebi. ac.uk/clustalw). The percentage of similarity among the fragments was calculated with BLAST.
Electrophoretic karyotype
Different S. cerevisiae strains, S. paradoxus, S. kluyveri, and the commercial S. boulardii strain, were selected for a comparative electrophoretic karyotyping analysis. Yeast chromosomes were isolated by a modified method described by Schwartz and Cantor (1984) . Approximately 2 × 10 9 cells of each strain were harvested by centrifugation and washed with 50 mmol/L EDTA, pH 8.0. The pellet was resuspended in 1 µL of 50 mmol/L EDTA, pH 8.0, and Novozym 234 TM (Novo Biolabs) was added to a final concentration of 10 mg/mL. The cell suspension was mixed with low melting point preparative grade agarose and put into the sample plug mold. Solidified agarose plugs were incubated in 0.5 mmol/L EDTA, pH 8.0, containing 7.5% β-mercaptoethanol (v/v) for 24 h at 37°C. Then, the plugs were washed twice with 50 mmol/L EDTA, pH 9.0, and incubated with 1.5 mL of ESP buffer (0.5 mol/L EDTA, pH 9.0, 1% N-laurylsarcosine, 1 µg/mL proteinase K) for 48 h at 50°C. Agarose samples were stored in 0.5 mol/L EDTA, pH 8.0. Yeast chromosomes were separated by PFGE performed with a Gene Navigator Apparatus (Pharmacia) in Tris-borate-EDTA buffer at 12°C and an interpolation of pulsed time of 140-20 s for 34.5 h and of 75-15 s for 6.5 h. The gel was stained with ethidium bromide and photographed. Yeast DNA PFGE marker for sizing DNA molecules from 225 kb to 9 Mb (Amersham Biosciences) was used as standard.
Heat shock stress conditions
Cultures of yeast cells (OD 600 nm = 0.8-1.2) were exposed to heat shocks by shifting incubation temperatures from 30 to 37, 49, or 52°C in YP medium for 1 h. Aliquots were collected after 0, 2, 10, 15, 30, and 60 min of incubation and the cell viability was determined microscopically by using an improved Neubauer chamber and vital staining with methylene blue (Mills 1941) .
Gastric, intestinal, and bile salts stress conditions
Cultures of yeast cells (OD 600nm = 0.8-1.2) were harvested by centrifugation at 3000g for 5 min, washed with distilled water once, and incubated at 37°C for 1 h in (i) a simulated gastric environment constituted by an aqueous solution containing 3 g/L pepsin (3200-4500 U/mg) (Sigma) and 5 g/L NaCl, pH 2.0 (Charteris et al. 1998) , (ii) a simulated intestinal environment aqueous solution containing 1 g/L pancreatin (903 U/mg) (Sigma) and 5 g/L NaCl, pH 8.0, and (iii) liquid YP medium supplemented with 0.1% of a mixture of bile salts (50% sodium cholate and 50% of sodium deoxycholate) (Sigma reagent). For experiments on solid medium, exponentially grown cells (4% liquid YPD) were diluted to an OD 600 nm of 1.0 and 5 µL of this dilution was used to inoculate solid YPD medium (4%) supplemented with different concentrations of bile salts. Plates were visualized after 48 h at 30 or 37°C.
Protein profile in SDS-PAGE
Yeast cultures cells (OD 600nm = 1.0) were harvested by centrifugation at 3000g for 5 min, washed with distilled water, and incubated under a simulated gastric environment as described above. Similar aliquots were centrifuged at 3000g for 5 min. The pellet was washed twice with 200 mmol/L imidazole buffer, pH 7.0, and resuspended in 100 µL of SDS-PAGE sample buffer containing 0.06 mol/L Tris-HCl, pH 6.8, 10% glycerol (v/v), 2% SDS (w/v), 5% 2-mercaptoethanol (v/v), and 0.0025% bromophenol blue (w/v). Samples were boiled for 5 min, centrifuged at 13 000 r/min (12 000g) for 30 s, and samples, after protein concentration equalization, loaded into a 10% polyacrylamide gel electrophoresis.
Results and discussion
DNA analysis
Commercial yeast strains can be differentiated by PCR with primers that target intron splice sequences (Barros et al. 1998) . In a previous study, these authors observed that, although polymorphism exists between S. cerevisiae strains, the strains shared a number of common amplified bands (Barros et al. 1996) . To compare S. cerevisiae and S. boulardii at the DNA level, we performed PCRs using 2 intron splice site primers (El1 and LA1). Figure 1 shows the 
amplification patterns obtained for 2 S. cerevisiae strains (W303 and SP1), S. boulardii, S. paradoxus (closely related species of S. cerevisiae), and S. kluyveri (more distant one).
When both primers were used jointly, the PCRs produced distinguished fingerprints for all yeasts. However, S. boulardii and S. cerevisiae (W303 and SP1) showed common amplified bands (solid arrows), also present in the closely related S. paradoxus. Our data reflect the genetic proximity between these yeasts. It is important to note that most SP1 amplified fragments were present in W303, confirming the genetic correlation between these strains. On the other hand, Fig. 1 shows at least 2 S. boulardii specific amplified fragments (200 and 740 bp, open arrows) that could be used to distinguish this yeast. The yeast control, S. kluyveri, presented a more distinct pattern compared with others yeasts, displaying for instance a specific 350-bp band (solid arrowheads) and a lack of bands amplified in the others yeasts (open arrowheads). This finding is in agreement with previous results (Barros et al. 1998 ) that showed similar amplification fingerprints in S. cerevisiae yeasts, which are different from distantly related yeasts in the genus.
Electrophoretic karyotypes have been used to differentiate the Saccharomyces sensu stricto species (S. cerevisiae, S. bayanus, S. paradoxus, S. mikata, S. cariocanus, and S. kudriavzevii) (Cardinali and Martini 1994; Mitterdorfer et al. 2002) . The electrophoretic karyotypes of S. cerevisiae strains (W303 and SP1), S. paradoxus, S. boulardii, and S. kluyveri, are shown in Fig. 2 . The profiles of S. cerevisiae strains showed 12-14 bands and the S. boulardii profiles contained 13 bands. All strains, except S. kluyveri, showed several bands (4 to 6) of low molecular mass, usually less than 555 kb (gel A and gel B). The karyotype of S. boulardii is very similar to those of S. cerevisiae strains, but it could be clearly delimited from S. kluyveri, a more distant species of Saccharomyces (gel B). PFGE represents a reference method, although some variation in chromosomal lengths is observed in S. cerevisiae strains (Naumov et al. 2001; Pataro et al. 2000) .
The sequence of the rDNA ITS of S. boulardii (GenBank AY428861) was compared with the S. cerevisiae genome http://genome-www2edu) and was found to be identical. Differences in the rDNA have been used to distinguish yeast species (Valente et al. 1996) . These regions usually show low intraspecific variability and high interspecific polymorphism.
The genotyping and taxonomic analysis of S. boulardii is controversial in the literature (Cardinali and Martini 1994; Mitterdorfer et al. 2002) . Recent data suggest that this yeast could be a subtype of the S. cerevisiae species (McFarland 1996; McCullough et al. 1998; Mitterdorfer et al. 2002; Hennequin et al. 2001) . Our molecular data, obtained by DNA analyses and including rDNA sequences, support the previous suggestions that S. boulardii is a subtype of the S. cerevisiae species.
Physiological and biochemical analysis
In this work, we started a study to integrate molecular and physiological responses of S. boulardii and S. cerevisiae W303 under different conditions of stress, some of them involving the capacity of these yeasts to tolerate the gastrointestinal environment. Special focus was placed on the capacity of yeast cells to growth at 30 or 37°C (mammalian body temperature). There was no difference between growth of the strains at 30 and 37°C (Fig. 3) , although S. boulardii grew faster than S. cerevisiae W303 at both temperatures. This characteristic is an important advantage for S. boulardii concerning its utilization as a probiotic both for technological (short generation time for industrial production) and functional reasons (better capacity of competing with other microorganisms in the gastrointestinal ecosystem).
After 1 h of treatment at 49°C, the strains presented no significant difference in percentage of viability (Fig. 4A) . However, at 52°C (Fig. 4B) , S. boulardii was shown to be more resistant (65% final viability) when compared with S. cerevisiae W303 (45%).
To be applied in human health, the biotherapeutic agents must survive passage throughout the upper gastrointestinal tract, since viability is indispensable for the activity of the probiotics at their sites of action (gut environment). During their passage in the digestive tract, they are submitted to very different stress conditions such as exposure to low gastric pH, bile salts, organic acids, and digestive enzymes and competition with intestinal microbiota and its secondary metabolism products (H 2 S, bacteriocins, and organic acids) (Holzapfel et al. 1998) . Yeast cells have developed molecular mechanisms to respond to adverse conditions, which lead to important changes in cellular metabolism. The most obvious consequence of a stress condition on yeast is a negative effect on cellular viability.
The extremely low pH in the gastric environment (usually pH~2.0) is a severe stress and it is lethal to a majority of microorganisms. For this reason, the yeasts were exposed to a simulated gastric environment (Charteris et al. 1998 ) for 60 min (Fig. 4C) . Viability levels under these conditions were indistinguishable for the first 10 min, but after 15 min, S. boulardii appeared to be more resistant, maintaining its cell viability at about 75%. The viability of S. cerevisiae W303 fell to about 30% after 60 min. We also examined the viability of the yeasts in a different simulated intestinal environment (1 g/L pancreatin, 5 g/L NaCl, pH 8.0) but the results showed that for both yeasts, this condition did not affect the viability of cells (Fig. 4D) .
Additionally, cell viability and growth were tested in the presence of various concentrations of bile salts. These "biological detergents" are produced from cholesterol in the liver and are secreted in the intestine to facilitate fat absorption. These compounds are toxic for some microbial cells by affecting the lipid bilayer structure of cellular membranes.
The normal intestinal microbiota presents a relative resistance to bile salts toxic effects to survive in this environment. We observed a better tolerance of the S. cerevisiae strain (W303) to bile salts in terms of both growth in solid medium (Fig. 5A) and viability (Fig. 5B) . Surprisingly, S. boulardii cells appeared to be very sensitive even to low concentration of bile salts. In the test conditions, S. cerevisiae supported a maximum of 0.15% (w/v) of bile salts and S. boulardii only 0.1%. Neither of these cells should be considered bile salts resistant like other organisms that support very high concentrations (0.3%-0.9% w/v). Studies with Bifidobacterium strains show resistance to cholate concentration from 0.125 to 1.2% (Margolles et al. 2003) . Data in the literature suggest 0.3% as the minimum concentration to define an organism as resistant to bile salts (Gilliland et al. 1984) and the majority of yeast species grow in the presence of 0.75% bile salts.
To understand the mechanism involved in physiological resistance of S. boulardii to a simulated gastric environment, the protein patterns of the yeasts exposed to acidic environment were analyzed by SDS-PAGE. Cells were exposed to a simulated gastric environment and total protein extracts from different exposure times were analyzed by SDS-PAGE (data not shown). It is important to note that no protein expression differences were observed in S. cerevisiae (W303) samples, whereas in S. boulardii, some proteins could be visualized only in samples deriving from cells exposed to acidic stress. This differentiated protein expression was blocked by cycloheximide. These data suggested that those proteins, which show an affected metabolism, could be involved in physiological resistance of S. boulardii to a simulated gastric environment. These results plus the viability of cells observed in Fig. 4C (gastric environment) suggest a linkage between cell adaptation and survival in this environment. The protein profile should be more extensively investigated to associate the biochemical properties with resistance to tested stress conditions and elucidate the mechanisms involved in intestinal survival.
In conclusion, the results obtained in this study show that S. boulardii is genetically very close or nearly identical to S. cerevisiae. However, metabolically and physiologically, S. boulardii shows a very different behavior, particularly in relation to growth yield and resistance to temperature and acidic stresses, which are important characteristics for a microorganism to be used as a probiotic.
